Using the hybrid exchange-correlation functional within the density-functional theory, we have systematically investigated the structural and electronic properties of MO (M = Be, Mg, Ca, Sr, Ba, Zn, Cd) in binary rocksalt (B1), zincblende (B3) and wurtzite (B4) phases, including the structural parameters, bulk moduli, band gaps and deformation potentials. Our results agree well with the experimental data and other theoretical results, and give a better understanding of the relationship between the geometric and electronic structure. After calculating the band alignment, we find that in both the B1 and B3 structures, the valence band maximum (VBM) has an obvious decrease from BeO to MgO to CaO, then it goes up from SrO to BaO to ZnO to CdO. Moreover, the properties of the ternary alloys M x Zn 1−x O were studied through the application of the special quasirandom structure method. The critical value of the ZnO composition for the transition from the B3 structure to the B1 structure gradually increases from (Ca, Zn)O to (Mg, Zn)O to (Sr, Zn)O to (Ba, Zn)O to (Cd, Zn)O, indicating that (Ca, Zn)O can exist in the B3 structure with the lowest ZnO composition. These results provide a good guideline for the accessible phase space in these alloy systems. *
I. INTRODUCTION
Low toxicity, stable quality and earth-abundance are the important criteria for choosing materials for practical devices. Oxygen is earth-abundant and it forms stable chemical bonds with almost all elements to give the corresponding oxides, which are generally stable in the ambient atmosphere and water. They are much safer than chalcogens and pnictogens, such as sulfur, selenium, arsenic and antimony. These advantages draw interest to oxides as safe and environmentally conscious materials. Oxide semiconductors, such as ZnO, [1, 2] TiO 2 , [3, 4] In 2 O 3 [5, 6] and SnO 2 , [7] have been studied quite extensively by combining experiment and theory in the past decades, and they currently play an important role in inorganic functional materials. Generally, oxide semiconductors have a sufficiently wide band gap to be transparent to visible light. They are widely used in transparent electrodes and transparent film transistors (TFTs), such as In 2 O 3 :Sn, [8] SnO 2 :F, [9] ZnO:Al, [10] and CuGaO 2 . [11, 12] However, most oxide semiconductors have a B1 rocksalt structure (Fm3m), where the cation atom adopt octahedral coordination. They do not have a direct band gap (due to the coupling between the cation d states with O 2p away from Γ in a centrosymmetric O h environment), i.e., they are not appropriate to be applied in active optoelectronic devices, such light-emitting diodes (LEDs) and photovoltaics.
Compound semiconductors with cubic B3 zincblende (F43m) and hexagonal B4 wurtzite structure (P6 3 mc), where each cation atom adopts tetrahedral coordination, usually have a direct allowed band gap. [13] [14] [15] Among the binary oxide semiconductors, ZnO is the only semiconductor with a hexagonal B4 wurtzite structure that has a direct allowed band gap, except for the carcinogenic BeO. [16, 17] Moreover, its cubic B3 zincblende polymorph lies slightly higher in energy due to the reduced Madelung constant. The nature of its direct band gap makes ZnO an attractive material for optoelectronic applications. [18] However, the band gap of ZnO is about 3.4 eV, which is in the near ultraviolet (UV) region. Greater flexibility in emission wavelengths for ZnO-based optoelectronic devices is highly demanded. [19] The binary oxides MO (M = Cd, Be, Mg, Ca, Sr, Ba) and related ternary alloys M x Zn 1−x O are generating considerable interest, because they can provide, in principle, an accessible direct band gap range from visible light to deep UV. [20, 21] However, the binary oxide semiconductors that possess the B3 structure are limited to ZnO. Therefore, the band gap engineering of ZnO by alloying with MOs is difficult compared to II-VI chalcogenide and III-V pnictide semiconductors. Many issues remaining currently hinder the widespread application, one of which is the sensitive structure composition dependence, i.e., alloy formation in this system is greatly affected by segregation outside certain stable compositional ranges. At various alloy compositions and experimental conditions, alloys M x Zn 1−x O with B1, B3 and B4 structures are observed. Thus, to understand more about the alloy properties, it is essential and important to study the electronic structure and band alignment of the binary oxides in each crystal structure.
In this work, the electronic structure and phase stability of MO (M = Be, Mg, Ca, Sr, Ba, Zn, Cd) and related ternary alloy M x Zn 1−x O in the B1, B3 and B4 phases were investigated via densityfunctional theory calculations using hybrid exchange-correlation functional. The calculated lattice constants, relative total energies and band gaps agree well with the experimental data and other theoretical results. By analyzing the band-gap deformation potentials and band-edge alignment, we found that in both the B1 and B3 structures, the valence band maximum (VBM) has an obvious decrease from BeO to MgO to CaO, then it goes up from SrO to BaO to ZnO to CdO. The lattice mismatch, band-gap bowing parameter and formation energy of ternary alloy M x Zn 1−x O were also studied through the application of the special quasirandom structure method. The phase transition from the B3 structure to the B1 structure is predicted with decreasing of the ZnO composition. 
II. CALCULATION METHODS
Our calculations were performed by using density functional theory (DFT) based on the planewave pseudopotential method, [23] as implemented in the Vienna ab initio simulation package (VASP). [24] [25] [26] [27] It is well known that the accuracy of the calculated band gap E g depends on the functional. In this study, we choose the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional, [28] which is widely used for semiconductor calculations and considered to be more accurate than standard local density approximation (LDA) or generalized gradient approximation (GGA). [29, 30] In this hybrid method, the exchange-correlation energy is calculated from the hybrid functional between the DFT exchange-correlation functional with Perdew-Burke-Ernzerhof (PBE) parametrization and the Hartree-Fock (HF) exchange integral. [31, 32] The mixing parameter α, i.e., the portion of the non-local Fock-exchange energy is normally chosen to be 0.25. However, for most oxide semiconductors or transition metal compounds, the calculated E g is not predicted accurately respectively. [34] In order to describe the electronic structure reasonably, we decide to modify α for all of our calculated oxides. The optimal values of α for each oxide are given in Table I The band gap volume-deformation potentials (α V ) and the pressure deformation potentials (α P )
were obtained from the relations
and
respectively. As for the band alignments and alloy formation calculation, we only considered the cubic B1 and B3 structures, because the differences between B3 and B4 electronic structures are small. [36, 37] The band offsets are aligned using oxygen 1s core electron energy level. The ternary random alloys M x Zn 1−x O were modeled within 32-atom (16-mixed cation) supercells using the special quasirandom structure (SQS) approach to determine the cation-site occupancies. [38, 39] In these SQSs, the averaged atomic correlation functions of the first and second neighbored pairs and triangels are all the same as the perfect random solid solution. The k-point meshes for the SQSs were tested to ensure good precision when comparing the total energies.
III. RESULTS AND DISCUSSION

A. Structural properties
The calculated structural parameters and energy differences of the B1, B3 and B4 structures are listed in Table II . Some experimental data can be found in Table I . It is found that, in the same structure, with increasing of the cation atomic number, the lattice constants become large because the cation atomic size increases. Among the calculated oxides, MgO has the closest lattice constants to ZnO. The lattice constant a of MgO is just a little smaller than that of ZnO in the ionic B1 rocksalt structure, while in the covalent B3 and B4 structures, it becomes a little larger than that of ZnO. As for other oxides, they have large lattice constants compared to ZnO except BeO and CdO. In the B4 wurtzite structure, the c/a ratio for all of the oxides is smaller than the ideal value √ 8/3 = 1.633. The larger the atomic number is, the smaller the c/a ratio is.
For each oxide in the B3 and B4 structures, the lattice constants are nearly the same, and the bulk moduli are almost identical. The B1 structure has relatively larger bulk moduli relative to the B3 and B4 structures because of its smaller volume. The stable phase for BeO and ZnO is the B4 structure. The energy differences between the B3 and B4 structures are 17 meV for BeO and 27 meV for ZnO, which are much smaller than those between the B1 and B4 structures, 984 meV and 224 meV, respectively. Due to the relatively larger energy difference between the B1 and B3 (B4) structures, other oxides steadily exist in the B1 structure. Our calculated structural properties and phase stability for all the oxides agree well with the experimental results and previous theoretical studies. [40] By optimizing the portion of the non-local Fock-exchange energy in HSE06 functional, the calculated band gaps are in good agreement with the experimental values (Table I and Table II) .
For group IIA and group IIB metal oxides in the same row, it can be found that the band gap of the former is larger. This is because the extra d electrons are introduced (such as Zn to Ca), or the d electrons are relatively higher in energy (such as Cd to Sr), which induces a strong p-d coupling with the oxygen 2p states, [41, 42] i.e., pushes the VBM up and decreases the band gap. For most oxides in the B1 structure, they have an indirect band gap except MgO and BaO. However, it is totally different in the B4 structure: only the band gap of BaO is indirect, while others are all direct. This is due to the lack of repulse coupling between the occupied cation d states and oxygen 2p states at the Γ point in the B1 structure (O h symmetry at the Γ point). Moreover, because the B1 structure has the smallest volume, it exhibits the largest band gap. As for the B3 and B4
structures, BeO, ZnO and CdO in the B4 structure have a slightly larger band gap relative to the B3 structure. This is due to the reduced symmetry in the B4 structure, which makes the level repulsion between the valence and conduction states stronger. However, for MgO, CaO, SrO and BaO, their band gaps in the B4 structure are relatively smaller than those in the B3 structure, which can be attributed to their much smaller c/a ratios, i.e., the larger negative crystal field splitting at the VBM.
C. Band-gap deformation
Table III presents the calculated band-gap volume deformation potentials (α V ) and pressure deformation potentials (α P ). All the α V are negative, while all the α P are positive. As for different oxides in the same structure, when the cation gets bigger as the atomic number of the cation increases, the cation-anion bond length becomes longer, which makes α V become less negative. For each oxide in different structures, we can see that the B1 structure has an obvious larger absolute value of α by LDA and LAPW method, [44, 45] indicating that HSE06 calculations give a better description of the deformation potentials.
The hydrostatic absolute deformation potentials of VBM and CBM are listed in Table IV α V BM are positive. This is because that, at the valence band, there is a strong coupling between the anion occupied p states and the cation empty p states, i.e., a strong positive volume-deformation term. As for BeO, the absolute deformation potentials of the VBM are negative. The kinetic energy effects, which contribute a negative volume-deformation term for the VBM, should play a key role in BeO due to its small volume. However, for ZnO and CdO, the deformation potentials of the VBM in the B1 structure are positive, while they become negative in the B3 structure.
This is due to the fact that when the cation has shallow occupied d states, the repulse coupling between the anion p states and the cation d states will occur at the Γ point in the B3 structure, which produces negative effect in the deformation potentials of the VBM. Plus, the kinetic energy effects also have some negative contributions to the deformation potentials of the VBM here. For the conduction band, all the α CBM are negative due to the strong negative contributions from the antibonding repulsion between anion s and cation s, and from the kinetic energy effects.
D. Band edge alignment
In order to analyze the calculated natural band alignments for the B1 and B3 structures, we set the VBM of BeO to zero, see Fig. 1(a) and 1(b) . In both the B1 and B3 structures, the VBM has an obvious decrease from BeO to MgO to CaO, then it goes up from SrO to BaO to ZnO to CdO. The heterostructural offsets of the stable phases of each oxide are illustrated in Fig. 1(c) . The band offset from B3 BeO to B1 MgO is -3.92 eV, which is more negative than the band offset from B3 BeO to B3 MgO (-2.08 eV), indicating that the VBM of B1 MgO is lower than that of B3
MgO. The same phenomenon can be found in other oxides, such as CaO, SrO and BaO. This is because that the relatively short bond length in the B1 structure enhances the interaction between the cation and the anion, which results in the expansion of the band gap and the reduction of the VBM compared with that in the B3 structure.
E. Ternary alloy formation
The ternary random alloys M x Zn 1−x O formed by ZnO and other group II metal oxides were investigated in both the B1 and B3 structures. In our calculations, we constructed only one M x Zn 1−x O SQS with x = 0.5 for each oxide. The calculated structural and electronic properties are summarized in Table V . Obviously, the lattice mismatch is highly related to the atomic size difference of the cations. The size of Mg atom is close to that of Zn atom, so the lattice mismatch between them is small. When the atomic size significantly increases from Ca to Sr to Ba, the corresponding lattice mismatch is getting larger and larger. The lattice mismatch in the B1 structure is slightly smaller than that in the B3 structure because the B3 structure has a relatively large volume. The ternary alloy formation energy (∆H) at 50% composition is defined as follows,
The calculated results can be found in the formation energy are positive, and it is obvious that the formation energy is much larger in the B1 structure than that in the B3 structure except for (Be, Zn)O. This is due to the relatively lower symmetry for the B3 structure, which facilitates the structural relaxation and Coulomb binding, i.e., reduces the strain in the alloy.
We also calculated the band-gap bowing, b, which is used to describe the deviation away from the linear interpolation of the component band gaps. It was calculated according to the following equation,
Table V shows the calculated results. For all the alloys, the band-gap bowing in the B1 structure is significantly larger than that in the B3 structure because of the higher symmetry and shorter bond length in the B1 structure. The band-gap bowing of (Zn,Ba)O is the smallest. It is only 0.17 eV in the B1 structure and 0.06 eV in the B3 structure, indicating that the band gap of (Zn,Ba)O alloy has almost linear interpolation of the component band gap. Similarly, the phase stability of each alloy can be estimated by calculating the total energy of each component and Zn 0.5 M 0.5 O alloy, i.e.,
After obtaining the compositionally independent interaction energy (Ω) via setting the x = 0.5 in Eq. (5), we can draw a curve to predict the phase stability of the alloy over a wider compositional range. As shown in Fig. 2 , we can see that the stable phase is always B3 over the entire compositional range for (Zn,Be)O alloy. This is because both ZnO and BeO steadily exist in the B3 structure. For other alloys, the stable phase is B3 at the beginning, while with the decrease of the ZnO composition, the stable phase turns to the B1 structure. The critical point of the transi- These results provide a good guideline for the accessible phase space in these alloy systems.
